Introduction {#sec1-0300060520910665}
============

Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disease with a mean survival time of 2--5 years.^[@bibr1-0300060520910665]^ Although two agents, pirfenidone and nintedanib, have been shown to decrease the physiological progression of IPF and are likely to improve progression-free survival, patient outcomes remain unsatisfactory.^[@bibr2-0300060520910665]^ Recently, cell replacement therapies have attracted significant attention as a better alternative method of treating IPF.^[@bibr3-0300060520910665][@bibr4-0300060520910665]--[@bibr5-0300060520910665]^ Mesenchymal stem cells (MSCs) are a type of adult stem cell than can repair tissues, regulate immunity, and inhibit fibrosis.^[@bibr6-0300060520910665]^ As such, lung MSCs (LMSCs) are considered the most effective treatment for IPF; however, they show limited survival after transplantation, which may be related to the internal environment.^[@bibr7-0300060520910665]^ Additionally, the harsh pulmonary microenvironment inhibits the repair of damaged tissue by autologous LMSCs. Oxidative stress is one of the key underlying factors of IPF pathogenesis and is also a critical factor that leads to apoptosis.^[@bibr8-0300060520910665],[@bibr9-0300060520910665]^ Thus, agents that enhance the antioxidant capacity of LMSCs are needed.

*Curcuma longa* L. (curcuma aromatica) is a yellow substance that is commonly used for food coloring, an ingredient in curry, and a Chinese medicinal herb. Curcumin (CUR) is one of the main chemical constituents of curcuma aromatica. A multi-effective monomer, CUR has been shown to have antioxidant, antithrombotic, and anti-inflammatory activites.^[@bibr10-0300060520910665]^ Furthermore, CUR has been used in many preclinical studies, for which both internal sickness and external wounds have been reported.^[@bibr11-0300060520910665][@bibr12-0300060520910665]--[@bibr13-0300060520910665]^ Several investigations have indicated that CUR decreased the release of superoxide and nitric oxide (NO), contributing to its protective effect against oxidative stress.^[@bibr14-0300060520910665][@bibr15-0300060520910665]--[@bibr16-0300060520910665]^ However, there is some evidence that CUR acts as a growth suppressor of partially malignant cells by inducing apoptosis *via* inactivating protein kinase B (PKB/Akt), downregulating inhibitor of apoptosis proteins (IAPs), and activating the intrinsic apoptotic pathway *via* generating reactive oxygen species (ROS).^[@bibr17-0300060520910665]^ Moreover, recent studies of IPF have demonstrated that CUR has potential antifibrotic activity, which was accompanied by increased apoptosis in primary epithelial cells and fibroblasts.^[@bibr18-0300060520910665]^ Thus, CUR may play a dual role in oxidative stress. This study investigated the effects and possible mechanisms of action of CUR in LMSCs. Additionally, the efficacy of CUR was compared with that of the classical antioxidant N-Acetyl-L-cysteine (NAC).

Materials and methods {#sec2-0300060520910665}
=====================

Animals and reagents {#sec3-0300060520910665}
--------------------

Healthy male C57BL/6 mice (n = 3, weight: 18 ± 2 g, age: 5-week-old) were provided by Guangdong Provincial Hospital of Traditional Chinese Medicine (Guangdong, China). CUR, NAC, 3% hydrogen peroxide (H~2~O~2~), dimethyl sulfoxide (DMSO), and methylthiazolyldiphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Alpha-Minimum Eagle's Medium (α-MEM), fetal bovine serum (FBS), penicillin-streptomycin, and 0.25% trypsin-EDTA were obtained from Gibco (Grand Island, NY, USA). Primary antibodies against B-cell lymphoma-2 (Bcl-2), Bcl-2 associated x (Bax), cleaved caspase-3, Akt, phosphorylated-Akt (p-Akt), heme oxygenase-1 (HO-1), and nuclear factor erythroid-2-related factor 2 (Nrf2) were obtained from Cell Signaling Technology (Danvers, MA, USA). The Annexin V-FITC Apoptosis Detection Kit and Mitochondrial Membrane Potential Detection Kit (5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine, JC-1) were purchased from Beyotime Biotechnology Research Institute (Shanghai, China). This study was approved by Animal Ethics Committee of Guangdong Provincial Hospital of Traditional Chinese Medicine.

Cell extraction, culture, and identification {#sec4-0300060520910665}
--------------------------------------------

The mice were sacrificed by cervical dislocation and immersed in 75% ethanol for 10 minutes. Then the chest cavity was opened using sterile scissors to obtain the lungs. The trachea and bronchi were removed, and lung tissue was cut into small pieces. The chopped lung tissue was then placed in α-MEM containing 0.5 mg/mL of type II collagenase (Sigma-Aldrich) and incubated at 37°C with 5% CO~2~ for 90 minutes. The incubated tissue was then gently ground and filtered through a 70-µm cell strainer, and the filtrate was centrifuged at 377 *×g* for 15 minutes. Subsequently, the supernatant was removed, and the cell pellet was cultured in α-MEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C with 5% CO~2~. The culture medium was changed every 3 days. When adherent cells reached 70%--80% confluency, they were passaged following digestion with 0.25% trypsin-EDTA. Phenotypic evaluations were performed at passage 10 by flow cytometry, and tenth- through fifteenth-generation cells were used for subsequent studies.

Cell viability assay {#sec5-0300060520910665}
--------------------

Murine LMSCs were plated in 96-well plates at a seeding density of 8 × 10^5^ cells/mL and incubated for 48 hours. The cells were then exposed to 200, 400, 600, 800, and 1000 µM H~2~O~2~ for 6 hours. Subsequently, 10 µL of MTT was added to each well and incubated at 37°C for 4 hours. After replacing the liquid in the wells with 150 µL of DMSO, the plates underwent gentle shaking for 10 minutes in the dark, after which the absorbance was measured at 490 nm. Additionally, cells were plated for 24 hours and treated with media supplemented with 2.5, 5, 10, and 20 µM CUR or 5 mM NAC for another 24 hours. Subsequently, these cells were exposed to an appropriate dose of H~2~O~2~ for 6 hours, and then cell viability was measured as above.

Apoptosis assay {#sec6-0300060520910665}
---------------

Cells were plated in 6-well plates at a seeding density of 8 × 10^5^ cell/mL, incubated for 24 hours, and then divided into groups. After the corresponding treatments, the cells were collected and centrifuged at 168 × *g* for 5 minutes. Next, the supernatant was discarded, and the cells were washed three times with phosphate-buffered saline (PBS). Subsequently, the cells were resuspended in 195 µL of Annexin V-FITC binding solution, followed by adding 5 µL of Annexin V-FITC and 10 µL of propidium iodide. The cell suspensions were gently mixed and incubated at room temperature for 20 minutes in the dark. Finally, apoptotic cells were detected by FC500 flow cytometry (Beckman Coulter, Brea, CA, USA).

Intracellular ROS assay {#sec7-0300060520910665}
-----------------------

Cells in each group were inoculated into 6-well plates and cultured for 24 hours. For the assay, 1 mL of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; diluted 1000-fold in α-MEM) was added to each well and incubated with the cells a 37°C with 5% CO~2~ for 20 minutes. Extracellular DCFH-DA was removed by washing with PBS, and then the cells were collected and centrifuged at 168 *×g* 5 minutes. Finally, the cells were resuspended in 200 µL of PBS and detected by FC500 flow cytometry.

Mitochondrial membrane potential (MMP) {#sec8-0300060520910665}
--------------------------------------

After the cells from each group had adhered to 6-well plates, 1 mL of JC-1 staining solution and 1 mL of basic medium were added to the plates and incubated at 37°C with 5% CO~2~ for 20 minutes. Next, the plates were centrifuged to separate the upper clear liquid, and the cells were resuspended in JC-1 staining buffer. JC-1 is an ideal fluorescent probe that is widely used to detect MMP and in this study, was measured by FC500 flow cytometry.

Western blotting {#sec9-0300060520910665}
----------------

Cells were incubated in radio-immunoprecipitation assay (RIPA) buffer overnight with rocking at 4°C and were then centrifuged at 21913 *×g* for 30 minutes at 4°C. The protein concentration of lysates was measured using the Protein Concentration Assay kit (LIANKE Biotech, Co. Ltd, Hangzhou, China). The lysates were then separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with western blocking buffer (Beyotime Biotechnology, Shanghai, China) for 90 minutes at room temperature. After incubation with primary antibodies overnight at 4°C, and then secondary antibodies for 1 hour at room temperature, immunoreactive bands were detected by chemiluminescence, and the grey values were analyzed with IMAGE J software.

Statistical analysis {#sec10-0300060520910665}
--------------------

All acquired data are expressed as mean ±standard deviation, and data between groups were evaluated by the one-way ANOVA test using IBM SPSS Statistics for Windows, version 21.0 (IBM Corp., Armonk, NY, USA). P \< 0.05 was considered statistically significant.

Results {#sec11-0300060520910665}
=======

Molecular characteristics of CUR and the identification of MLMSCs {#sec12-0300060520910665}
-----------------------------------------------------------------

The molecular weight of CUR is 368.39, and its structure is shown in [Figure 1a](#fig1-0300060520910665){ref-type="fig"}. Additionally, first generation murine LMSCs were indistinct and mixed with a few epithelioid cells ([Figure 1b](#fig1-0300060520910665){ref-type="fig"}). However, when these cells were passaged to the tenth generation, they presented as typical fusiform-type. Furthermore, as shown by flow cytometry analysis, Sca-1, CD54, and CD44 were expressed in the tenth generation murine LMSCs, while CD45 and CD11b were absent ([Figure 1c](#fig1-0300060520910665){ref-type="fig"}).

![Characteristics of curcumin (CUR) and murine LMSCs. (a) Chemical structure of CUR. (b) Morphological characteristics of murine LMSCs (magnification: 10×). (c) Identification of murine LMSCs by flow cytometry.](10.1177_0300060520910665-fig1){#fig1-0300060520910665}

CUR restored the viability of H~2~O~2~-treated LMSCs {#sec13-0300060520910665}
----------------------------------------------------

Compared with the control group, the survival of murine LMSCs was gradually reduced as the H~2~O~2~ dose increased, becoming 51% at 600 µM H~2~O~2~, which was selected as the appropriate dose for modeling ([Figure 2a](#fig2-0300060520910665){ref-type="fig"}; \*P \< 0.05, \*\*P \< 0.01). In contrast, CUR and NAC treatment significantly increased the cell viability compared with H~2~O~2~-treated cells (^\#\#^P \< 0.01); however, all treatment groups showed decreased viability compared with control cells (\*\*P \< 0.01) ([Figure 2b](#fig2-0300060520910665){ref-type="fig"}). There was no significant difference between the 10 and 20 µM CUR groups, and the NAC group showed lower viability than the 10 µM CUR group (^@^P \< 0.05).

![Effects of H~2~O~2~, CUR, and NAC on the viability of murine LMSCs. (a) The cytotoxicity of various concentrations of H~2~O~2~ on murine LMSCs was determined by the MTT assay. (b) The protective effects of CUR and NAC on the viability of murine LMSCs. Data were obtained from three independent experiments and are expressed as mean ± SD; \*P\<0.05, \*\*P\<0.01 vs. control; ^\#\#^P \< 0.01 vs. H~2~O~2~ groups; ^&^P \> 0.05 vs. 20 µM CUR; ^@^P \< 0.05 vs. NAC.](10.1177_0300060520910665-fig2){#fig2-0300060520910665}

CUR mitigated H~2~O~2~-induced apoptosis {#sec14-0300060520910665}
----------------------------------------

As shown in [Figure 3](#fig3-0300060520910665){ref-type="fig"}, the apoptosis rate of the H~2~O~2~ group was 24.46% ± 1.35%, the NAC group was 12.63% ± 0.35%, and the 2.5, 5, and 10 µM CUR groups were 23.27% ± 0.31%, 14.87% ± 0.41%, and 6.47% ± 0.50%, which were all higher than the control group (0.33% ± 0.15%; \*\*P \< 0.01). Furthermore, the CUR and NAC groups were significantly different than the H~2~O~2~ group (^\#\#^P \< 0.01). CUR inhibited apoptosis in a dose-dependent manner, and 10 µM CUR was lower than NAC (^&^P \< 0.01).

![Effects of CUR and NAC on H~2~O~2~-induced apoptosis. (a) The apoptosis rates of murine LMSCs were detected by flow cytometry. (b) Quantitative analysis of the percentage of apoptotic cells. Percentage of apoptotic cells was calculated as the sum of the percentages of early- and late-stage apoptotic cells. Data were obtained from three independent experiments and are expressed as mean ± SD; \*\*P \< 0.01 vs. control; ^\#\#^P \< 0.01 vs. H~2~O~2~; ^&^P \< 0.01 vs. NAC.](10.1177_0300060520910665-fig3){#fig3-0300060520910665}

CUR reduced intracellular ROS levels {#sec15-0300060520910665}
------------------------------------

Intracellular ROS levels were 16.37% ±1.11% in the H~2~O~2~ group, 8.43% ± 0.29% in the NAC group, and 13.00% ± 1.28%, 9.83% ± 0.59%, and 6.23% ± 0.35% in the 2.5, 5, and 10 µM CUR groups, respectively, which were all significantly increased compared with the intracellular ROS levels of the control group (4.40% ± 0.82%; \*\*P \< 0.01, \*P \< 0.05). The CUR and NAC groups were significantly different compared with the H~2~O~2~ group (^\#\#^P \< 0.01), and the ROS level in the 10 µM CUR group was significantly lower than in the NAC group (^&^P \< 0.01) ([Figure 4](#fig4-0300060520910665){ref-type="fig"}).

![Effects of CUR and NAC on intracellular ROS production. (a) ROS levels in murine LMSCs were evaluated by flow cytometry. (b) Quantitative analysis of the percentage of intracellular ROS production. Percentages of ROS were calculated as intracellular oxidized matter. Data were obtained from three independent experiments and are expressed as mean ± SD; \*\*P \< 0.01, \*P \< 0.05 vs. control; ^\#\#^P \< 0.01 vs. H~2~O~2~; ^&^P \< 0.01 vs. NAC.](10.1177_0300060520910665-fig4){#fig4-0300060520910665}

CUR improved mitochondrial function {#sec16-0300060520910665}
-----------------------------------

As shown in [Figure 5](#fig5-0300060520910665){ref-type="fig"}, the MMP level of the control group was 19.92% ± 1.20%, which rapidly decreased to 1.97% ± 0.37% in the H~2~O~2~ group. MMP levels were 2.57% ± 0.25%, 3.95% ± 0.81%, and 6.55% ± 0.97% in the 2.5, 5, and 10 µM CUR groups, respectively, and 3.84% ±0.28% in the NAC group. Compared with the control group, all treatment groups were significantly decreased (\*\*P \< 0.01), and these results were more pronounced in the CUR and NAC groups (^\#^P \< 0.05, ^\#\#^P \< 0.01).

![Effects of CUR and NAC on MMP. (a) The MMP levels of murine LMSCs were measured by flow cytometry. (b) Quantitative analysis of the percentage of MMP levels. Percentages of MMP were calculated as the ratio of JC-1 aggregates to monomers. Data were obtained from three independent experiments and are expressed as mean ± SD; \*\*P \< 0.01 vs. control; ^\#^P \< 0.05, ^\#\#^P \< 0.01 vs. H~2~O~2~; ^&^P \< 0.01 vs. NAC.](10.1177_0300060520910665-fig5){#fig5-0300060520910665}

Effects of CUR on Bax, Bcl-2, and cleaved caspase-3 protein levels {#sec17-0300060520910665}
------------------------------------------------------------------

As shown in [Figure 6](#fig6-0300060520910665){ref-type="fig"}, compared with the control group, cleaved caspase-3 protein levels and the Bcl-2/Bax ratio were significantly increased in the H~2~O~2~, NAC, and CUR groups. The H~2~O~2~ and 2.5 µM CUR groups were lower than the control group, and the 5 and 10 µM CUR groups and the NAC group showed more pronounced differences. All CUR groups and the NAC group showed higher Bcl-2/Bax ratios and lower cleaved caspase-3 expression than the H~2~O~2~ group (^\#^P \< 0.05, ^\#\#^P \< 0.01). Compared with the NAC group, the Bcl-2/Bax ratio was significantly increased and cleaved caspase-3 expression was significantly decreased in the 10 µM CUR group (^&^P \< 0.01).

![Effects of CUR and NAC on Bax, Bcl-2, and cleaved caspase-3 levels in murine LMSCs. (a) Protein levels of Bax, Bcl-2, and cleaved caspase-3 were assessed by western blotting. (b) Quantitative analysis of the Bax/Bcl-2 ratios. (c) Quantitative analysis of cleaved caspase-3 levels. Data were obtained from three independent experiments and are expressed as mean ± SD; \*\*P \< 0.01 vs. control; ^\#^P \< 0.05, ^\#\#^P \< 0.01 vs. H~2~O~2~; ^&^P \< 0.01 vs. NAC.](10.1177_0300060520910665-fig6){#fig6-0300060520910665}

Effects of CUR on the Akt/Nrf2/HO-1 signaling pathway {#sec18-0300060520910665}
-----------------------------------------------------

The p-Akt/Akt ratio and Nrf2 and HO-1 levels were significantly increased in the CUR groups and the NAC group compared with the control group (\*P \< 0.05, \*\*P \< 0.01), but were significantly decreased in the H~2~O~2~ group (^\#\#^P \< 0.01). The p-Akt/Akt ratio and levels of Nrf2 and HO-1 were increased in a dose-dependent manner in all CUR groups. Compared with the NAC group, the 10 µM CUR group showed higher levels of Nrf2 and HO-1 (^&^P \< 0.01), but the p-Akt/Akt ratio was not significantly different ([Figure 7](#fig7-0300060520910665){ref-type="fig"}).

![Effects of CUR and NAC on the Akt/Nrf2/HO-1 pathway in murine LMSCs. (a) Protein levels of Akt, p-Akt, Nrf2, and HO-1 were assessed by western blotting. (b) Quantitative analysis of p-Akt/Akt ratios. (c) Quantitative analysis of Nrf2 levels. (d) Quantitative analysis of HO-1 levels. Data were obtained from three independent experiments and are expressed as mean ± SD; \*P \< 0.05, \*\*P \< 0.01 vs. control; ^\#\#^P \< 0.01 vs. H~2~O~2~; ^\$^P \> 0.05, ^&^P \< 0.01 vs. NAC.](10.1177_0300060520910665-fig7){#fig7-0300060520910665}

Discussion {#sec19-0300060520910665}
==========

IPF is a progressive fibrosing interstitial pneumonia, in which healthy lung tissue is gradually replaced by growing scars. Furthermore, the alveolar structure is destroyed, which disrupts gas exchange to a degree that ultimately becomes life-threatening.^[@bibr19-0300060520910665]^ Currently, epithelial cell dysfunction and abnormal epithelial-mesenchymal signaling is thought to activate fibroblasts to deposit and remodel the extracellular matrix, eventually leading to fibrotic changes.^[@bibr20-0300060520910665]^ This chronic activation is possibly related to oxidative stress, inflammatory reactions, aging, and immunity.^[@bibr21-0300060520910665][@bibr22-0300060520910665][@bibr23-0300060520910665]--[@bibr24-0300060520910665]^ Currently, there is no effective drug for IPF, and the optimal treatment is lung transplantation. MSCs are a type of mesodermal adult stem cell that are widely distributed in connective tissues and organ stroma. MSCs show self-replicating, multidirectional differentiation, and regenerative capacities in damaged organs and tissues.^[@bibr6-0300060520910665]^ They can also migrate to injured site, repair defective tissue through proliferation and directional differentiation, and secrete factors that activate other repair mechanism.^[@bibr25-0300060520910665]^ Thus, MSC therapy may replace lung transplantation as a better treatment for IPF. However, the pathological environment of IPF can affect the survival of MSCs, of which oxidative stress is a key factor.^[@bibr26-0300060520910665]^

Oxidative stress refers to an imbalance between oxidation and anti-oxidation *in vivo* that causes oxidation and produces a large number of oxidative intermediates, including ROS, which can negatively impact signal transduction and the maintenance of physiological function. As H~2~O~2~ is a strong oxidant, we chose it in this study to simulate the oxidative stress of the IPF microenvironment. The viability of murine LMSCs was significantly reduced after H~2~O~2~ exposure, decreasing to 51% with 600 µM H~2~O~2~, which was selected as the modeling density. Additionally, excessive ROS resulted in apoptosis, which was closely related to mitochondrial dysfunction.^[@bibr27-0300060520910665]^ This study found that CUR could restore the viability of murine LMSCs and reduce their level of oxidative stress-induced apoptosis to a better degree than NAC. Furthermore, CUR pretreatment reduced intracellular ROS production and improved the MMP of murine LMSCs. MMP is required for oxidative phosphorylation and ATP production; thus, MMP indirectly reflects mitochondrial status. Taken together, CUR was shown to enhance the antioxidant capacity of murine LMSCs, and was superior to the classical and powerful antioxidant NAC.

Bax and Bcl-2 belong to the Bcl-2 gene family, which plays key roles in regulating apoptosis. Bax and Bcl-2 regulate the stability of the mitochondrial structure, and function through synergistic action with other apoptotic proteins. The Bcl-2 family includes two types of proteins: anti-apoptotic proteins, such as Bcl-2, and pro-apoptotic proteins, such as Bax. In the early stage of apoptosis, the pro-apoptotic proteins form pores in the outer mitochondrial membrane by homologous oligomerization, resulting in cytochrome-c release and eventually caspase activation and apoptosis.^[@bibr28-0300060520910665],[@bibr29-0300060520910665]^ This study found that levels of the anti-apoptotic protein Bcl-2 were decreased, while levels of the pro-apoptotic proteins Bax and cleaved caspase-3 were increased under oxidative stress. These results suggested that oxidative stress weakened the inhibition of apoptosis in LMSCs, while proteins that promoted apoptosis were enhanced. With CUR pretreatment, the Bcl-2/Bax ratio was increased, and caspase-3 expression was decreased, which further confirmed the protective effect of CUR on the viability of LMSCs.

Nrf2 belongs to the alkaline leucine zipper family and is a widely expressed transcription factor *in vivo* that has strong antioxidant capacity, primarily through HO-1 activation. Akt plays an important role in cell survival and apoptosis and participates in the activation and nuclear translocation of Nrf2 through phosphorylation.^[@bibr30-0300060520910665]^ The Akt/Nrf2/HO-1 pathway is closely related to oxidative stress and apoptosis. Several studies have described agents that alleviate cellular oxidative damage through this pathway.^[@bibr31-0300060520910665][@bibr32-0300060520910665]--[@bibr33-0300060520910665]^ In this study, CUR was found to promote Akt phosphorylation, increase the p-Akt/Akt ratio, and increase Nrf2 expression, leading to increased HO-1 release. Thus, this pathway may underlie the antioxidant effect of CUR.

Conclusion {#sec20-0300060520910665}
==========

In summary, CUR was demonstrated to have an antioxidant protective effect on murine LMSCs that may be related to the Akt/Nrf2/HO-1 signaling pathway. Additionally, H~2~O~2~-mediated mitochondrial damage was observed, which could potentially affect mitochondrial fusion, function, and/or autophagy; these potential effects will be the focus of future studies.
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